A diseased heart causes numerous adverse effects on kidney function, and vice versa renal disease can significantly impair cardiac function. Beyond these heart-kidney interrelationships at the clinical level, a reciprocal association has been suggested to exist even in the early stages of those organs' dysfunction. The aim of the present review is to provide evidence of the presence of a preclinical cardiorenal syndrome in the particular setting of essential hypertension, focusing on the subsequent hypertensive sequelae on heart and kidneys. In particular, a plethora of studies have demonstrated not only the predictive role of kidney damage, as expressed by either decreased glomerular filtration or increased urine albumin excretion, for adverse left ventricular functional and structural adaptations but also preclinical heart disease, i.e. left ventricular hypertrophy that is associated with deterioration of renal function. Notably, these reciprocal interactions seem to exist even at the level of microcirculation, since both coronary flow reserve and renal hemodynamics are strongly related with clinical and preclinical renal and cardiac damage, respectively. In this preclinical setting, common pathophysiological denominators, including the increased hemodynamic load, sympathetic and renin-angiotensin system overactivity, increased subclinical inflammatory reaction, and endothelial dysfunction, account not only for the reported associations between overt cardiac and renal damage but also for the parallel changes that occur in coronary and renal microcirculation.
Preclinical Cardiorenal Interrelationships in Essential Hypertension
Costas
Introduction
Arthur Guyton was the first to extensively describe normal physiological interactions between the control of extracellular fluid volume by the kidney and systemic circulation by the heart. A diseased heart has numerous adverse effects on kidney function, while in parallel, renal disease can significantly impair cardiac function [1] .
The so-called 'cardiorenal syndrome' is defined as a pathophysiological disorder of the heart and the kidneys in which acute or chronic dysfunction in one organ may induce acute or chronic dysfunction in the other organ [2] . Beyond these interrelationships between the heart and the kidneys at the clinical level, a reciprocal association has been suggested to underlie even in the early stages of those organs' dysfunction. The aim of the present review is to report evidence of the presence of a 'preclinical cardiorenal syndrome' in the particular setting of essential hypertension, focusing on the subsequent hypertensive sequelae on heart and kidneys.
Hypertension and Cardiorenal Disease: Epidemiological Data
Hypertension affects nowadays approximately 25% of the global adult population [3] and constitutes a major risk factor that accounts for 54% of the strokes and 47% of events due to ischemic heart disease worldwide [4] . Furthermore, hypertension is both a common cause and complication of chronic kidney disease (CKD). In particular, hypertension is the second leading cause of CKD (second only to diabetes) and is present in up to 80% of individuals with moderate-to-end-stage kidney disease [5] .
Beyond end-stage renal disease, CKD, defined by the National Kidney Foundation as the presence of kidney damage or decreased level of kidney function for at least 3 months, is a worldwide public health problem with a rising incidence and prevalence [6] . Currently, over 26 million American adults (approximately 17% of the adult population) have CKD, which is staged according to the glomerular filtration rate (GFR) [7] .
Hypertension as a Risk Factor for Subclinical Cardiac Damage
According to the current European Society of Hypertension guidelines, the presence of left ventricular hypertrophy (LVH) constitutes the most established index of hypertensive damage [8, 9] . Although the relation between left ventricular mass index and cardiovascular risk is continuous, thresholds of 125 g/m 2 for men and 110 g/m 2 for women are widely used for conservative estimates of echocardiographic LVH. Concentric hypertrophy (wall-toradius ratio ≥ 0.42 in the presence of LVH), eccentric hypertrophy (increased left ventricular mass with a wall-to-radius ratio <0.42), and concentric remodeling (wall-to-radius ratio ≥ 0.42 with a normal left ventricular mass) all predict an increased incidence of cardiovascular disease, but concentric hypertrophy has consistently been shown to be the condition which most markedly increases the risk [8, 9] . Analysis of the data provided by some of the major prospective studies indicates that in hypertensive patients, echocardiographic LVH, particularly of the concentric variety, is associated with an incidence of cardiovascular events ≥ 20% in 10 years [9, 10] . In a prospective study of 1,652 Greek hypertensive patients followed for 6 years, we demonstrated that echocardiographic LVH was significantly associated with either a composite of all-cause mortality and cardiovascular events (hazard ratio 1.53) or with stroke (hazard ratio 2.01), after adjustment for major cardiovascular risk factors [10] .
LVH as a Predictor of Renal Outcome
New data expanded the predictive value of LVH for cardiovascular events to renal end points providing further insights into the pathophysiological connections between the heart and the kidneys [11] . After a follow-up of 14 years in a very large number of patients, a striking elevation in the risk of all the considered renal outcomes (doubling of serum creatinine, an estimated GFR of <30 min/1.73 m 2 at follow-up or end-stage renal disease) was observed in patients with LVH. Interestingly, it was shown that concentric LVH, as compared to eccentric LVH, is associated with the worst renal outcomes, in concordance with the unfavorable effect of left ventricular concentric geometry.
In a cohort of 428 untreated essential hypertensives, an increased albumin-to-creatinine ratio (ACR) irrespective of the level of microalbuminuria (MA), in conjunction with pronounced arterial stiffness, is accompanied by augmented left ventricular mass and higher LVH rates [12] . An independent association between GFR estimated either through the MDRD formula or creatinine clearance and left ventricular mass, indexed either for body surface area or for height 2.7 , was also exhibited in a group of nondiabetic hypertensives free of cardiovascular diseases [13] .
In a more recent study by Andrikou et al. [14] , the baseline left ventricular mass index was qualified as an accelerator of kidney damage by means of MA in patients with essential hypertension. One of the novel findings of this study is that the baseline left ventricular mass index turned out to be a significant predictor of new-onset MA over a period of >3 years. In addition, the reduction of the left ventricular mass index proved to be a significant negative predictor of MA development, as it reflected an almost halving risk of MA incidence [14] . Therefore, the already established predictive value of left ventricular mass index reduction on cardioprotection is extended to a decreased risk of MA development.
Hypertension as a Risk Factor for Subclinical Renal Damage
According to the current European Society of Hypertension guidelines, diagnosis of hypertension-related renal damage is based on a reduced renal function or an elevated urinary excretion of albumin [8] . Both features of expressing renal disease incur without symptoms and their identification is based solely on the measurement of either serum creatinine or urine albumin excretion [8] . Towards a step further, estimation of the GFR (through the MDRD formula, requiring age, gender, and race) or creatinine clearance (through the Cockroft-Gault formula, requiring also body weight) constitutes a routine procedure. Accordingly, urinary albumin excretion should be measured in all hypertensives in spot urine and related to urinary creatinine excretion [8] .
Renal insufficiency is now classified according to the estimated GFR calculated by the abbreviated MDRD formula [15] . Values of estimated GFR <60 ml/min/1.73 m 2 indicate CKD stage 3, whilst values <30 and 15 ml/min/1.73 m 2 indicate CKD stages 4 and 5, respectively [6] . The Cockcroft-Gault formula is valid in the range >60 ml/min, but it overestimates creatinine clearance in CKD stages 3-5 [6] .
Low GFR Predicting Cardiovascular Disease
It is well established that >50% of deaths in end-stage renal disease cohorts are attributed to cardiovascular disease, while even less severe forms of CKD (stage 3) may be associated with significant cardiovascular risk, documenting an adverse relationship between renal function and adverse outcome [16] . In the setting of hypertensive patients, an association between reduced renal function and cardiovascular events based on serum creatinine concentration has been previously demonstrated [17] . ALLHAT participants with a moderate-to-severe reduction in GFR (CKD stages 3-4) exhibited higher 6-year rates for coronary heart disease than for end-stage renal disease (15.4 vs. 6.0%, respectively). In particular, a baseline GFR of <53 ml/min/1.73 m 2 was independently associated with a 32% higher risk of coronary heart disease [18] . Furthermore, after an average 8.8-year post-trial follow-up, total mortality was significantly higher in participants with a moderate-to-severe GFR reduction compared to those with a normal and mildly reduced GFR [19] . Based on the VALUE trial, the risk in individuals with CKD stage 3 at baseline was again greater than in those with better renal function; however, GFR calculated with the MDRD formula turned out to be more informative than the estimated creatinine clearance (Cockcroft-Gault) in the prediction of cardiovascular outcomes [20] .
In line with these findings, we have verified that asymptomatic renal involvement in a large cohort of hypertensive individuals without overt cardiovascular disease is associated with a very high risk of future cardiovascular events [10] . Interestingly, separate analysis in order to compare the prognostic value of CKD stage 3 for cardiovascular outcomes, based either on estimated GFR (MDRD formula) or estimated creatinine clearance (CockcroftGault), did not exhibit any significant differences in the same study [10] .
Urine Albumin Excretion Predicting Cardiovascular Disease
While an elevated serum creatinine concentration points to a reduced rate of glomerular filtration, an increased rate of urinary albumin or protein excretion points to a derangement in the glomerular filtration barrier. The presence of overt proteinuria generally indicates the existence of an established renal parenchymatous damage [21] . Focusing on an asymptomatic preclinical level, MA even below the threshold values currently considered [8] , has been shown to predict cardiovascular events in both diabetic and nondiabetic hypertensive patients [21, 22] . Furthermore, a continuous relationship between cardiovascular, as well as noncardiovascular, mortality and urinary ACR ≥ 3.9 mg/g in men and 7.5 mg/g in women has been reported in several studies [23, 24] . Additionally, in high-risk individuals participating in the HOPE study, it was indicated that any degree of albuminuria is a risk factor for cardiovascular events and that the risk increases with the ACR, starting well below the MA cutoff [25] .
In the I-SEARCH study, a recent large cross-sectional study, the relationship between the number of cardiovascular comorbidities and the prevalence of MA was investigated in 21,867 high-risk hypertensives [26] . One third of those patients (32%) suffered from at least one comorbidity, and the prevalence of MA increased from 54% in patients without cardiovascular comorbidity to 74% in patients with ≥ 3 comorbidities. Particularly, the presence of ≥ 3 cardiovascular comorbidities nearly doubled the risk of MA, while patients with LVH had the highest prevalence of MA (68%). Additionally, Tsioufis et al. [27] have demonstrated an association between MA and unfavorable cardiac geometric adaptations in essential hypertensive subjects. Furthermore, MA has been shown to be a marker of preclinical diastolic dysfunction in never-treated essential hypertensives [28] . Likewise, it has also been shown than LVH is highly prevalent in hypertensive patients with CKD stages 2-5. In this population, LVH is often inappropriate and characterized by the simultaneous increase of wall thicknesses and diameters [29] .
In general, the finding of impaired renal function in a hypertensive patient, expressed as any of the abnormalities mentioned above, is frequent and constitutes a very potent predictor of future cardiovascular events and death even in treated patients [8] . There are also some data showing that normalization of MA might reflect a trend for reduction in cardiovascular events and that treatment with albuminuria-lowering properties is associated with beneficial clinical outcome [30, 31] . Specifically, in a LIFE sub-study it was shown that changes in ACR during antihypertensive treatment over time translated to changes in risk of cardiovascular morbidity and mortality irrespective of the in-treatment level of blood pressure [32] . However, ONTARGET showed that in patients with increased cardiovascular risk, the reduction of MA was not accompanied by nephroprotection [33] . On the contrary, no studies have specifically assessed the value of any kind of normalization of mild asymptomatic renal impairment (stage 3 to stage 2 or 1), while in a recent study persistence/development of CKD stage 3 from baseline to follow-up was identified as an independent predictor of cardiovascular events (adjusted hazard ratio 1.94) in hypertensive patients free of cardiovascular disease [34] .
Parallel Changes in Cardiac and Renal Microcirculation

Predictive Role of Coronary Circulation in Renal Damage
Research on coronary flow reserve (CFR), an index of coronary microvascular dysfunction, has shown that it is usually impaired in various clinical settings, including hypertension, despite the presence of angiographically normal coronary arteries [35] . Reduced CFR is associated with an increased left ventricular mass, abnormal left ventricular geometry and diastolic function in essential hypertension [36, 37] .
Beyond these direct associations at the level of the heart, impaired CFR, through invasive assessment, was shown in patients with reduced renal function and nonobstructive coronary artery disease [38] . Specifically, it was Ragosta [38] who first used a FloWire for direct measurement of CFR, demonstrating significantly decreased CFR values in patients with diabetic nephropathy compared to diabetics and those with normal renal function (1.6 vs. 2.7 vs. 2.8, respectively). Additionally, the results of the so far largest study using invasive measurement of CFR demonstrated significantly increased CFR values in patients with normal renal function compared to those with CKD stage 3 (3.0 ± 0.8 vs. 2.6 ± 0.6, p < 0.001, respectively) [39] . Accordingly, when CFR was estimated by transthoracic echocardiography, lower values were exhibited in patients with end-stage renal disease as compared to kidney transplant patients and controls [40] . Towards the same direction, lower values of transthoracically measured CFR were identified in patients with nephrotic syndrome [41] .
In the setting of essential hypertension, Bezante et al. [42] studied 76 newly diagnosed hypertensive patients by transthoracic echocardiography for CFR estimation. Impaired CFR, based on a cutoff value of 2, was present in 10% of the study population. These patients demonstrated also a higher prevalence of CKD stage 3 as well as of MA. Notably, a low GFR turned out to be an independent predictor of the presence of a low CFR [42] . Recently, we have provided evidence of a significant and independent association between ACR levels and CFR values in a cohort of asymptomatic untreated essential hypertensives [43] . In our study, CFR was measured invasively through FloWire and using a cutoff value of 2.5. It was demonstrated that patients with impaired CFR had also greater ACR levels and a higher prevalence of MA. Moreover, according to a ROC analysis, a value of ACR >13 mg/g (at levels lower than the MA definition) was accompanied by impaired CFR (<2.5), providing high sensitivity (77.3%) and specificity (86.7%) [43] .
Focusing on the relationship between structure of the coronary epicardial vessels and renal damage, it has been suggested that increased urine albumin excretion is associated not only with coronary artery calcification but also with impaired endothelium-dependent dilatation of the coronary arteries in patients with type 2 diabetes mellitus [44, 45] . In particular, Yamagami et al. [44] in 2005 studied calcification of coronary arteries and aorta in 177 diabetics (106 with normoalbuminuria and 71 with MA) and in 79 nondiabetic patients. Coronary calcium score was significantly increased in diabetics as compared to those without diabetes, while calcification was even more pronounced in diabetics with MA. An independent association was observed between MA and coronary calcification in this study, while no difference occurred between the study groups as regards calcification of the aorta. Of great importance is also the study conducted in 2006 by Cosson et al. [45] , aiming to investigate the relationship of MA with endothelium-dependent (by cold pressor testing) and endotheliumindependent (through intracoronary administration of nitrates) vasodilatation of the coronary arteries in 84 patients with type 2 diabetes mellitus. While there was no difference between diabetics with and those without MA regarding endothelium-independent vasodilatation of the coronary arteries, endothelium-dependent vasodilatation was significantly impaired in diabetic patients with MA.
Predictive Role of Renal Circulation in Cardiac Damage
Renal Doppler sonography permits noninvasive assessment of intrarenal hemodynamics in addition to evaluation of anatomic information. Intrarenal arterial waveforms recorded by Doppler sonography have been widely used to evaluate renal function. Previous studies have explored the capacity of the resistive index calculated from blood flow velocity in renal vessels to predict the progression of renal function in patients with hypertension, diabetes mellitus, or chronic nephropathy [46] . In addition, histological studies demonstrated that the renal resistive index not only reflects changes in intrarenal perfusion and renovascular resistance but also was increased in several pathological conditions, such as renal atherosclerosis and tubulointerstitial damage [47] .
In studies conducted in patients with essential hypertension, a higher renal resistive index is associated with carotid wall thickening, LVH, and albuminuria, regardless of other known cardiovascular risk factors [48] . Raff et al. [49] also reported the clinical utility of the measurement of the renal resistive index in addition to albuminuria to evaluate target organ damage in therapy-resistant hypertension.
As regards the prognostic value of the renal resistive index, initially this has been examined in chronic nephropathy, elderly, or heart failure patients. Recently, in a cohort of 426 essential hypertensives without previous cardiovascular disease, it was demonstrated that there is a significant relationship between a high renal resistive index and cardiovascular and renal outcomes (including all-cause death, myocardial infarction, stroke, congestive heart failure requiring hospitalization, aortic dissection, and end-stage renal failure requiring regular hemodialysis) which persists after multivariate Cox regression analysis, including traditional risk factors [50] . Moreover, even in the subgroup with a GFR <60 ml/min per 1.73 m 2 , a high renal resistive index was a significant predictor of the primary composite end points. The combination of high renal resistive index and low GFR constitutes a powerful independent predictor of worse outcome [50] .
Pathophysiologic Mechanisms Underlying Preclinical Cardiorenal Damage
The most obvious underlying mechanism that may explain either the parallel progression of cardiac and renal damage or the unfavorable interaction between these two vital organs is the fact that traditional cardiovascular risk factors act adversely towards the heart and the kidneys. Prolonged exposure to these risk factors, namely hypertension and diabetes, affect both organs and induce development of LVH and renal disease, i.e. MA and/or CKD ( fig. 1 ) .
The diagnosis of hypertension does not occur in isolation for most patients with a high blood pressure. Indeed, hypertension is typically found alongside other well-known cardiac risk factors, including glucose intolerance, obesity and dyslipidemia. Furthermore, <15% of coronary events in hypertensive patients occur in the absence of additional risk factors [51] . As noted earlier, patients with CKD are far more likely to die of cardiovascular disease than to progress to end-stage renal disease [6, 16] . This increased risk is often attributed to a litany of traditional cardiovascular risk factors -hypertension, diabetes, tobacco abuse, and ad vanced age -that frequently accompany reduced renal function. Among patients with CKD, the presence of hypertension increases the risk of new or recurrent cardiovascular events by about twofold. Of the traditional cardiac risk factors, only diabetes appears to confer more of an increased risk (about threefold) [52] .
Common pathophysiological denominators that characterize classical risk factors and modulate the latter relationship include the increased hemodynamic load, sympathetic and renin-angiotensin system overactivity, increased subclinical inflammatory reaction, endothelial dysfunction and production of reactive oxygen species, that in combination or separately induce fibrotic phenomena to the heart and the kidneys [18, 53, 54] . These mechanisms seem to account not only for the reported associations between ACR, GFR, and cardiovascular adaptations (i.e. LVH, left ventricular geometry and aortic stiffness) but also between ACR and abnormal exercise parameters in untreated hypertensives, such as peak exercise systolic blood pressure and exercise capacity [55] , or for the parallel changes that occur in coronary and renal microcirculation as reflected by the association between ACR and CFR [43] .
Besides these common underlying mechanisms that affect in parallel cardiac and renal function and structure, in recent years, evidence has accumulated supporting a role for elevated renal venous pressure and intra-abdominal pressure in the development of renal dysfunction in patients with heart failure [56] . Accordingly, the ESCAPE trial found a significant relation between right atrial pressure measured during pulmonary artery catheterization and serum creatinine, indicating the important role of renal congestion [57] . In patients with LVH, and in particular in the presence of concentric geometry, a more severe impairment of the diastolic function and an increase in the left ventricular filling pressures may contribute to a more rapid decline of the renal function. Another proposed mechanism is the progressive reduction in renal blood flow in patients with LVH, particularly in those with concentric geometry, accompanying a hemodynamic pattern with reduced stroke volume and increased peripheral resistance. Recent data indicate that the media-to-lumen ratio of small resistance arteries in hypertensive patients is not only related with indices of renal function, but also predicts changes in renal function over time [58] . 
Conclusion
The definition and the classification of the cardiorenal syndrome in 2008 by Ronco et al. [2] represent a great achievement, despite the existing debate on how precise and realistic this terminology is. This complex reciprocal association between the heart and the kidneys starts from the very early stages contributing to the appearance of what we named 'preclinical cardiorenal syndrome' at least, but not limited, in hypertensive patients. A large number of direct and indirect effects of each organ's subclinical dysfunction can initiate and perpetuate the combined disorder of both organs through a complex interplay of neurohumoral feedback mechanisms. A multidisciplinary approach towards new diagnostic, preventive and therapeutic strategies for hypertensive patients suffering from combined disorders of the heart and the kidneys even at the subclinical level should be initiated.
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